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Abstract
Induction motors make up a significant portion of the load on the power grid.

The

implementation of variable speeds drives (VSDs) with induction motors brings not only
efficiency savings for the customers, but also possible benefits to the utility companies
through demand response and other ancillary services. This project uses the HTB platform
and PSCAD/EMTDC to develop, test, and utilize VSD connected industrial induction
motors for industrial motor loads, such as fans, pump, and compressors.
With the development of new power devices with wide bandgaps, such as SiC and GaN
devices, active front end VSDs are growing in popularity. For this reason, an active front end
topology is used for the simulation and emulation of the system. Controls are implemented
in the VSD, including DC link voltage, inner and outer current loop, and grid frequency
regulation. Two different control techniques were used for the grid frequency regulation–
one on the WECC system and one on a microgrid system. The different techniques were
developed based on the frequency characteristics on both systems.
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Chapter 1
Introduction and Background
1.1
1.1.1

Induction Motor Motor Drives
Induction Motor Drive Overview

Induction motors are considered the workhorse for industry because of their low cost and
robust construction. Induction motors are used in a wide range of industries, such as
oil, mining, power, marine, paper, and wastewater. Applications include fans, pumps,
compressors, grinding mills, metal rolling, mine hoists, refiners, and propulsion. An induction
motor can be connected directly to the 60 Hz power grid and will operate at a relatively
constant speed. However, the availability of power electronics allows the speed of the motor
to vary. The power electronics used to connect motors to the grid are referred to as motor
drives. Motor drives consist of two conversion phases– AC to DC and DC to AC or rectifier
and inverter respectively. The rectifier and inverter are connected by a DC link capacitor.
See Fig. 1.1 for an example of a basic motor drive topology. Most motor drive systems are
referred to as adjustable speed drives (ASDs) or variable speed drives (VSDs).

1.1.2

Motor Drives Benefits and Advantages

Industrial motor systems consume more than 679 billion kWh per year and 25% of all electric
energy sales. According to an assessment done by DOE in 2002, only 8% of all industrial
motor systems have variable speed drives (VSDs). In this same study, it was determined
1

Figure 1.1: Motor Drive Basic Schematic.

that nearly two-thirds of all potential energy efficiency savings set forth by the Consortium
for Energy Efficiency are accomplished by system improvements, such as VSDs or bypass
loops in pumping systems[4]. Pumps, fans, and compressors show considerable improvements
when VSDs are implemented. A VSD can regulate the flow of water or gas without the use
of traditional mechanical equipment, which introduce significant loss into the system[5].
The survey suggests that a conservative estimate for energy savings from a VSD is 787
GWh/year for fan systems, 1366 GWh/year for air systems, and 6421 GWh/year for pump
systems. The mid-range estimates for these savings are nearly twice that of the conservative
estimates[4].
As of 2002, while 8% of industrial motor systems were equipped with a VSD, 90% of
those were 20 hp or less. However, DOE estimated that 18-25% of total manufacturing motor
system energy could add a VSD cost effectively[4]. The average payback time-frame on the
investment of a VSD is only a year and a half. In addition to an increase in energy efficiency,
VSDs can extend the lifetime of a motor by lowering starting currents and regulating the
speed and power at or below ratings[6][7].
In addition to energy efficiency savings, a VSD-connected motor that can provide
frequency support can provide potential benefits to the grid. The same reduction of the
inrush current that improves the lifetime of the motor also improves stability of the power
grid during motor startup[6]. Additionally, loads such as fans, air compressors, and pumps
2

can be controlled to provide support to the power grid, which are the same systems that find
the majority of energy efficiency benefits from VSDs. These loads make up roughly 11% of all
industrial motor loads[4]. This is a huge untapped resource for utilities. Many of these motor
loads could be reduced without affecting primary production processes. Therefore, these
loads could respond to grid fluctuations and assist in making the grid more reliable. Loadside participation in frequency regulation provides possible advantages in faster response,
lower fuel consumption and emission, and better localization of disturbances[8]. VSDs are
particularly equipped to implement frequency regulation, because load can be changed by
changing motor speed. This is unique; most loads can only be controlled to be either on or
off. While the availability of ancillary services is more unpredictable from loads than from
traditional ancillary service sources, the development of VSDs, information systems, and the
increase in energy prices provide a possible opening in this regulation market[9].

1.1.3

Motor Drives Challenges and Mitigation Techniques

While VSDs have become increasingly popular because of the energy efficiency gains and
ease of control, the high rate of voltage rise (dv/dt) presents issues of motor insulation stress,
electromagnetic interference (EMI), and bearing and leakage current caused by commonmode voltages[10]. Conventional inverters generate common-mode voltage within the motor
windings, which may cause voltage to build up on the motor shaft. Charge accumulates
on the rotor assembly until the voltage exceeds the dielectric capabilities of the bearing
grease.

This results in a repeated flash-over current, which can cause damage to the

bearing surfaces[10]. Mitigation techniques for bearing currents include a shaft grounding
system, insulated bearings, ceramic bearings, conducting grease, a Faraday shield, and design
methods to eliminate common-mode voltages[10].
In many industrial applications, the VSD and motor are in different locations. This
means the system requires long motor leads, which leads to more high frequency ringing
at the motor terminals. This can result in over-voltages that stress the motor insulation,
which can be mitigated by additional filters at the motor terminals. Additionally, EMI can
be caused by the high switching speed of the power devices, especially with the rise of wide
bandgap power device (discussed in Section 2.3). Traditionally, EMI is reduced through ac
3

line filters. However, additional mitigation techniques include common-mode inductors and
transformers or grounding capacitors[10]. All of these challenges and resulting mitigation
techniques increase the cost of installation or result in the need for more robust motor
designs. Often customers will also install new motors with higher insulation capacity when
adding a VSD to a system.

1.2

Ancillary Services

Ancillary services can support basic grid functions such as generating capacity, energy supply,
and power delivery. This support is often provided by distributed energy resources (DER)
or distributed generation (DG). However, with the integration of power electronic interfaced
loads, many of the support functions provided by DG ancillary services can be provided by
flexible loads. Currently, independent system operators’ requirements do not allow much
room for loads to operate in the regulatory market. For example, CAISO requires at least
0.5 MW power capacity to be able to participate in the frequency regulation market[11]. The
focus of most interest in flexible loads is centered around air conditioning units and other
residential loads. However, a medium voltage motor can have an operating capacity of near
5 MW, allowing a larger controllable capacity.
By 2009, both New York Independent System Operator (NYISO) and PJM Interconnect
LLC (PJM) had a demand side ancillary service program[12]. For NYISO, demand side
resources could participate in regulation and synchronous and non-synchronous reserve.
PJM allows participation in regulation, synchronous reserve, and day ahead scheduling
reserves[12].
The use of loads to regulate the grid is referred to as demand response. Most demand
response programs adjust the load by an ON or OFF option. This happens one of two ways:
(1) the customer gives the utility permission to interrupt their load during a designated time
or (2) the customer is incentivised to reduce load during a time period. However, with the
introduction of variable speed drives, loads’ speed– and therefore load– can be varied over
time. Motor loads, such as fans or pumps, can decrease or increase their load in response to
the grid fluctuations. Large industrial fans and pumps are especially advantageous for this
4

application because these loads can often be reduced for a short time and will not interrupt
any production processes.
There are two major regulatory services that can be provided by an industrial motor load:
frequency regulation and voltage regulation. The VSD can inject reactive power providing
voltage regulation, when the grid voltage at a bus is lower than that of the reference value.
The opposite is true when the voltage at a bus is higher than that of the reference value– the
VSD absorbs reactive power. For voltage support, the VSD must have an active front end
rectifier. Frequency regulation is similar, but active power is provided or absorbed. If the
frequency is above the reference value, active power from the load is reduced. If frequency
is below the reference value, active power from the load is increased. Primary frequency
regulation happens within 30 seconds of the event. After 30 seconds, generation secondary
control takes over regulation. Fig. 1.2 shows the typical response for frequency regulation.

1.3

Demand Response

Demand Response (DR) is a subset of Demand Side Management (DSM), along with energyefficiency and conservation. The U.S. Department of Energy defined DR as “a tariff or
program established to motivate changes in electric use by end-use customers, in response to
changes in the price of electricity over time, or to give incentive payments designed to induce
lower electricity use at times of high market prices or when grid reliability is jeopardized”
[13]. The main objectives of DR are to reduce power consumption, to reduce the total need
of power generation, to change the demand, to follow available supply, and to reduce or
eliminate overloads of the distribution system[14].
DR has applications in residential, commercial, and industrial sectors. Residential DR
programs are more complicated due to the irregularity of consumption patterns. However,
commercial buildings have near identical consumption patterns between various customers,
making DR easier to design. Most commercial DR schemes include adoption of energy
efficient building technologies or changing consumption behavior through price elasticity[14].
Finally, industrial customers have some of the largest loads; however, many of these loads
are critical to the manufacturing process. Despite industrial customers heightened concerns
5

Figure 1.2: A sudden drop in system frequency triggers automated response to correct the
frequency, followed by manual interventions from power system operators. Ancillary services
provide these responses.[1].

about security, intelligent DR methods have the potential to increase reliability of the
industrial system and the economic efficiency of the electricity infrastructure[15][16].
Reference [14] organizes DR into three categories: (1) control mechanism, (2) offered
motivation, and (3) decision variables. Each of these categories can be further broken down.
For DR based on control mechanisms, they can be classified into centralized or distributed
programs. In this case, centralized mode refers to when consumers communicate directly to
the power utility, without interaction between customers. Distributed mode refers to when
the interaction between users provide information to the utility about total consumption[14].

6

Offered motivations can be broken down into time-based DR (also known as price-based DR)
and incentive-based DR. In time-based DR, consumers are offered varying prices based on the
electricity cost during different time periods. On the other hand, incentive-based are offered
payments to motivate participation, but are also under constraints or are penalized for not
participating[14]. Finally, DR that is based on decision variables can be broken down into
task scheduling-based or energy management-based. In task scheduling, the control variable
is the activation time of the requested load. For energy management, the main control is the
power consumption of different loads[14]. In addition to the DR schemes, the optimization
and control of the smart grid can be categorized into 5 groups: a) minimization of electricity
cost, b) maximization of social welfare, c) minimization of aggregated power consumption,
d) minimization of both electricity cost and aggregated power consumption, and e) both the
maximization of social welfare and minimization of aggregated power consumption[14].

1.3.1

Classification of DR Models

Fig. 1.3 shows the classification used in [14]. This classification is divided into three groups
based on control mechanism, offered motivation, and decision variables. Other references
have, such as [17], simply classified DR into incentive-based programs and price-based
programs. The following subsections further discuss each one of the classifications found
in [14].
1.3.1.1

DR Based on Control Mechanism

DR based on control mechanism can be further broken down into centralized and distributed
programs. In this case centralized mode refers to when consumers communicate directly to
the power utility, without interaction between customers. Distributed mode refers to when
the interaction between users provide information to the utility about total consumption.
Currently, the power network is designed as a centralized system. However, the decentralized
nature of distributed schemes allow for scalability and consumer privacy protection, which
is an integral concern of industrial customers[14][18].
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Figure 1.3: Classification of DR programs[14].

Centralized Schemes
Centralized schemes include a centralized controller that monitors and coordinates the DR
procedure. The demand information is collected, and DR decisions are made for the demand
scheduling. This method is effective in scheduling thermostatically controlled appliances,
buildings, and charging stations for plug-in hybrid electric vehicles(PHEVs) and electric
vehicles(EVs). Additionally, central controllers are often used in island microgrids.
Distributed Schemes
In a distributed system, the information is not centrally located and customers have
indicators on the grid’s state. Customers are able to respond based on the conditions and
whether the event is critical. Many of distributed schemes have been inspired by the nature
of internet traffic control [14]. Distributed control is often used in conjuction with other
control mechanisms, including volt/var control or frequency response.
1.3.1.2

DR Based on Offered Motivations

Another method for categorizing DR schemes is by the motivation method offered to the
customers. There are two main divisions in the category: time-based programs, also known
as price-based program, and incentive-based programs.
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Time-based DR
Time-based DR offers customers varying prices of electric consumption based on different
time periods. Consumers are given this information, and they must determine whether they
consume less power during time periods when electricity prices are high. There are many
different pricing schemes used for time-based DR.
Flat pricing is the traditional pricing method in energy systems. Under this scheme, the
only way to reduce customer bills is by reducing power usage throughout the day. Time-ofuse (TOU) pricing is the use of varies pricing throughout the day. With this scheme, prices
are held constant during different pricing periods, but vary between those time periods.
These pricing periods can range from different hours within a day to different days within
a week. For example, in California, they offer commercial customers three different pricing
periods: off-peak, mid-peak, and peak[19]. It has been shown that TOU offered the lowest
reduction in peak prices[20].This is because customers do not receive practical incentives to
reduce their demand due to the high peak pricing.
Critical peak pricing (CPP) is similar to TOU pricing, except the price can change due
to periods of system stress. The customers are notified of the price change a day-ahead.
CPP experience similar adaption issues as TOU. Also, this scheme generally has higher peak
pricing than TOU. However, electric energy providers gain higher benefits. There are a
few variations to CPP, including fixed period CPP (CPP-F), variable peak pricing (VPP),
variable period CPP (CPP-V), and extreme day CPP. In CPP-F, utilities select a critical
peak price and choose a window with the highest wholesale market, thereby maximizing
utility savings. VPP has varying peak price levels. For example, at Oklahoma Gas and
Electric Company, three peak levels are offered: standard peak rate, high peak rate, and
critical peak rate [14]. In CPP-V, an event can be triggered by the utility that can vary
in start time and duration. Finally, extreme day CPP is critical peak pricing and is only
applied to critical peak hours.
Peak load pricing (PLP) divides the day into different periods with different pricing.
The price for each period is determined by the average consumption. Pricing is given to
the customer at the beginning of each day. Adaptive pricing is similar to PLP, but utilities
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calculate the prices real-time and give the customers the information at the beginning of
each period.
Peak Day Rebates (PDR), also known as peak time rebates (PTR), give customers a
rebate for responding to critical events. Reference [21] reveals that PDR is more effective
than TOU, but CPP is more effective than PDR. Reference [22] shows that the balance of
supply and demand does not seem to be clear because the rebate is so high.
In real-time pricing (RTP), utilities provide electric prices on a rolling basis, which is
determined and announced before each pricing period. This schemes requires successful
communication between the smart grid and the utility on a real-time basis, and has already
been implemented with large industrial and commercial customers. However, RTP has
not had much success in the residential sector. Day-ahead RTP (DA-RTP) provides an
alternative to RTP that predicts the next-day real time prices. Customers are notified
beforehand of the prices based on the predicted values.
Incentive-based DR
Incentive-based DR offers incentives or payment to the customer, which reduce their
electricity during critical times. These incentives can take the form of bill credits, discount
rates, or direct payment. Bill credit and discount rates are considered classical incentivebased programs, while direct payment is classified as market-based programs.
Direct load control (DLC) is a classic program which allows utilities to control customer
load, turning the equipment on or off. These loads are generally air-conditioners and waterheaters and are directly controlled by the utility. This incentive-based program is generally
implemented in residential and small commercial customers, and the incentive is given in
advance. Industrial customers tend to not participate in DLC due to the delicate nature of
most loads in the manufacturing process.
Uninterruptible/curtailable (I/C) load is similar to DLC in that it gives upfront incentives
to participating customers. However, in an I/C program, customers are incentivized to reduce
their load to a predefined level. If the customer does not participate when notified to curtail
their load, they receive penalties. The customers have 30 to 60 minutes to respond once
notified, and the utility is limited to the number of hours and times per year that they can
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request a curtailment. Customers that participate in this program generally have power
consumption of at least 3 MW.
Emergency DR programs (EDRPs) are a market-based program that combines DLC and
I/C programs. Customers can choose whether to curtail their load or not, which determines
whether they receive the payments. New York IDO has a similar program where if the
customer curtails their load, the EDRP pays for energy during times of emergency, but does
not pay for capacity. Implementations of EDRP have resulted in excessive shedding of the
EDRP, which can result in power oscillations.
Capacity market program (CMP) is another market-based program which is offered to
customers that are able to provide load reduction that can replace traditional generation.
Customers generally receive day-ahead notification and are penalized if they choose not
to participate. They receive payments whether curtailment is requested or not, but they
can prove they have sufficient curtailment availability. Studies have shown CMP and I/C
programs satisfied both customers and utilities.
Another market-based program is demand bidding (DB), which is offered to large
customers who can offer curtailment bids to the wholesale market. In a program offered
by ERCOT, it was discovered that capacity payment was not enough to incentivize formal
bidding.

However, a combination of DR and DB, where energy retailers request the

curtailment, could be a solution to this issue. Finally, customers can be given the option to
bid into the ancillary service market (ASM). This program looks similar to DB, but the bids
are made to the ASM as opposed to the wholesale market.
1.3.1.3

DR Based on Decision Variables

This classification is based on DR programs that either decide when to activate a load or
the amount of energy that can be allocated to each customer.
Task Scheduling-based DR
For task scheduling-based DR, the main control variable is the activation time of the
requested loads. There are two type of loads : must-run loads and scheduled loads. Must-run
loads cannot tolerate activation delay, such as refrigerators or light. Schedulable loads, such
11

as water heaters, PHEVs, or EVs, can be stopped, adjusted, or time-shifted. The main goal
of these programs are to reduce power consumption during peak demand hours, by shifting
the consumption to off-peak hours.
Energy Management-based DR
The main goal of energy management-based DR is to reduce the power consumption of
certain loads, so that overall peak hour demand is reduced. This is achieved by controlling the
appliance to consume less power during system stress. For example, an air conditioner could
be changed by a couple degrees. Power consumption would reduce, but the customers would
still feel comfortable. For these schemes, quality of experience (QoE) is often considered in
the decision-making.

1.4

Hardware Testbed

The Center for Ultra-Wide-Area Resilient Electric Energy Transmission Networks (CURENT)
has developed a converter-based grid emulator known as the Hardware Testbed (HTB) to
study large scale power grids with a high penetration of renewable resources and other
forward projected technologies. Using re-configurable voltage source inverters, the HTB
emulates interconnected generation and loads.

The converter-based emulators can be

designed to have a bandwidth of several kHz, which allows the converters to accurately
emulate voltage and current dynamics of the actual power system components. The HTB
emulates the resiliency of the system by incorporating real time communication, protection,
control, and cybersecurity. It has the capacity to examine many scenarios including line and
bus faults [23],[24].

1.4.1

Motivations and Advantages

Traditional methods for analyzing power systems such as Power System Simulator for
Engineering (PSSE) and Real Time Digital Power System Simulator (RTDS) tend to focus
on either small-scale transients or large scale behaviors. In addition, these methods often
do not include real world impacts like measurement errors, time delay, non-linearity, and
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electronic interference. Even though experimental results tend to be more reliable for these
reasons, some important characteristics of the power system are not included when scaled
down. A converter-based large scale power system emulator, such as the HTB, emulates the
reliability of the system by incorporating real time communication, protection, control and
cybersecurity.
HTB’s converter-based system can emulate both transients from power electronics and
power grid system events. Power converters can act within tens of milliseconds. For example,
an induction motor has a dynamic time scale of a couple seconds, so the converter is more
than fast enough to represent the dynamic behavior of the motor. This can be said for most
power system components, such as generators, motors, renewable generation, and loads.
Using these capabilities, the converters can be programmed to emulate a broad and diverse
group of power system components– allowing the HTB to demonstrate many different grid
scenarios effectively and reliably. The HTB is a platform that can test converter control and
system area control, as well as different microgrid architectures. The HTB is also designed
so the only losses from the system are from the converters.

1.4.2

Construction and Operation

The HTB is designed with the converters connected to a DC bus on one side and the AC
grid emulation on the other, as shown in Fig. 1.4. The DC link is supplied by the real power
grid through a transformer and an active rectifier. The power flows from the DC link to the
AC grid emulation for the generator emulators and from the AC grid emulation to the DC
link for the load emulators. Synchronization process uses active power and frequency droop.
The HTB includes two types of cabinets, Type I and Type II. Type I cabinets include
four power generation or load emulators, local transmission lines, and/or transformer
emulators(inductors). Type II cabinets include two back-to-back converters used to emulate
HVDC or long distance ac transmission lines. The converter used for the generation and
load emulators and back-to-back converters use 75 kVA commercially available VACON
converters. The emulated power system components are implemented using TMS320F28335
digital signal processors (DSPs), which control each converter on the HTB. Power system
components that generate voltage and frequency are generally modeled as voltage sources,
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Figure 1.4: Power Circulation within the HTB [2].
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and loads are modeled as current sources. Each current source contains an inner current
loop and an outer voltage loop, which supplies the dynamic current reference to the inner
current loop.
The size of the system that the HTB can emulate is constrained by the availability of
hardware. Therefore, the HTB implements a hybrid emulation which integrates the RTDS
and the HTB. This is executed using a similar technique as the Power Hardware-in-theLoop(PHIL) emulation, which uses an interface– both power interface and digital interface–
to make two separate emulation subsystems that operate as one large system, shown in Fig.
1.5.
The HTB emulates both Western Electricity Coordinating Council(WECC) as a four
area system aggregation, and Electric Reliability Council of Texas (ERCOT) as a single
area system aggregation. Additionally the HTB is connected to the Eastern Interconnect,
which is modeled in the Real Time Digital Simulator (RTDS)[3]. Fig. 1.6 shows the
system overlayed on a map of the United States. A visualization screen, shown in Fig.
1.7, is implemented through LabVIEW, which gathers data from phasor measurement units
(PMUs) and frequency-domain reflectometers (FDRs) and is sent through local ethernet to
the control screen. The visualization includes real-time values for active power, reactive
power, frequency, voltage, and area control.

1.4.3

Existing Emulators

The HTB can be configured to emulate either a microgrid or a 6-area transmission level
emulation. The microgrid includes emulations for solar, energy storage, and loads[25].
The microgrid used a dynamic boundary, which leads to better distributed energy
resources and improved reliability[26][27]. Other emulations available for the 6-area system
grid include a synchronous generator, wind turbine with virtual synchronous generator
control, photovoltaics generation, and vanadium and lithium ion battery energy storage
systems[28][29][30][31][32]. The load emulators include a 3-phase induction motor, constant
ZIP, and VSD connected induction motor. The HTB also emulates three-phase transmission
lines, three-phase faults, and multi-terminal high voltage DC (HVDC) [33][34][35][36].
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Figure 1.5: HTB and RTDS connection overview [3].
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Figure 1.6: Map of emulated HTB system and RTDS overlay on map of United States.
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Figure 1.7: HTB visualization wall.

1.5

Project Description

Induction motors make up a significant portion of the load on the power grid. Not only
does the implementation of variable speed drives on induction motors provide efficiency
savings for the customers, but it also can bring possible benefits to the utility companies
through demand response and ancillary services. This project uses the HTB platform and
PSCAD/EMTDC to develop, test, and utilize VSD connected industrial induction motors.
With the development of new power devices with wide band gaps, such as SiC and GaN
devices, active front end VSDs are growing in popularity. For this reason, an active front end
topology is used for the simulation and emulation of the system. Controls are implemented
in the VSD, including DC link voltage, inner and outer current loop, and grid frequency
regulation. Two different control techniques were used for the grid frequency regulation–
one on the WECC system and one on a microgrid system. The different techniques were
developed based on the frequency characteristics on both systems.
The model and controls were verified in Matlab/Simulink, on the HTB platform, and in
PSCAD/EMTDC.
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1.6

Thesis Structure

In Chapter 1, induction motors drives are introduced through their benefits, advantages,
and challenges. Additionally, Chapter 1 outlines the use of loads on the grid through
ancillary services and demand response. The HTB project has also been described. Chapter
2 contains a literature review about an induction motor emulator, motor drive topologies,
wide bandgap device, power electronics modeling and control. Chapter 3 includes a detailed
description of the VSD emulator design process including modeling, control design, discrete
implementation, and verification via simulation. Chapter 4 describes the experiment process
on the HTB for each platforms– WECC and microgrid– and discusses in detail the responses
observed. Both platforms are simulated in PSCAD/EMTDC to find system level responses.
Finally, Chapter 5 summarizes the conclusions of this work and provides recommendations
for future work using the BESS emulator.
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Chapter 2
Literature Review
2.1

Induction Motor Emulator

A three phase induction motor is the dominant power system load, particularly for industrial
systems. An accurate emulator should include dynamic behaviors in order to emulate overall
power system behaviors. The inputs of a three-phase induction motor include three-phase AC
stator voltage Vabc and electrical frequency ω, and the output is three-phase current Iabc . The
electrical characteristics are also determined by the mechanical relationship between torque
T and rotating speed ωr . For this model, calculations are done using the dq coordinates, the
frequency, and angle that are extracted using PLL from the Vabc measurements. Fig. 2.1
illustrates the induction motor load emulator structure. For this model, the calculations are
done using the dq coordinates, the frequency, and angle that are extracted using PLL from
the Vabc measurements[2].
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Figure 2.1: The emulator structure for three phase induction motor[2].
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dτ
2H

(2.2)

(2.3)

Since the motor model equations are using the reference frame of synchronous rotating
speed, the input voltages are constant in the dq domain. Equations (2.1)-(2.3) model
the electromagnetic and electromechanical relationship between flux, current, voltage, and
rotational speed. The variables are defined as follows: vqs , vds and v0s are stator voltage
transformed in dq0 domain, vqr , vdr and v0r are rotor voltage transformed in dq0 domain,
ω is angular speed of reference frame, ωr is rotating angular speed of the motor, rs and
rr are stator and rotor resistances, Xls and Xlr are stator and rotor leakage reactance,
Xss and Xrr are stator and rotor reactance, XM is magnetizing reactance, p is pole pair
number, λqs and λds are q and d axis flux for stator, iqs and ids are currents on q and d
axis for the stator, and H is inertia constant of motor. Equation (2.1) contains derivative
variables and must be solved during each iteration to maintain system stability and accuracy.
Equation (2.1) can be simplified to the form shown in (2.4), where vector ~y can be solved:
h
iT
~y = iqs pu ids pu i0s pu iqr pu idr pu i0r pu .
d
~y = A · ~y + b
dt

(2.4)

Matrices A and b can be derived from (2.1), and the numerical method, Runge-Kutta
4th order, is applied to (2.4), the simplified equation of (2.1).
d
~y = f (t, ~y ),
dt

~y (t0 ) = 0

1
~yn+1 = ~yn + (k1 + 2k2 + 2k3 + k4 )
6
where,
k1 = ∆t · f (tn , ~yn )
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(2.5)

(2.6)

1
1
k2 = ∆t · (tn + ∆t, ~yn + k1 )
2
2
1
1
k3 = ∆t · (tn + ∆t, ~yn + k2 )
2
2
1
1
k4 = ∆t · (tn + ∆t, ~yn + k3 )
2
2
Each iteration corresponds with the switching cycle of the HTB converters. With ideal
voltage and frequency inputs, the induction motor model starts up with smooth fluctuation
transients. The starting current for an induction motor in dq domain could be as high as 2-3
times that of normal rated current. The starting time takes around 5.5 s under this case.

2.2

Active Front End vs Diode Front End Motor Drive

Active front end (AFE) and diode front end (DFE) differ in the semiconductors used in the
rectifier stage of the conversion process. As the name indicates, diode front end motor drives
have a diode bridge as the rectifier and IGBTs on the back end as the inverter. Fig. 2.2
shows the schematic of a diode front end converter. Diode rectifiers cause major distortion on
the grid because of the distortion in the current[37]. However, active front end motor drives
replace the traditionally used diodes with IGBTs, shown in Fig. 2.3[37]. The implementation
of AFE has become increasingly popular because of the decreasing cost of power switches[38].
Active front end motor drives reduce harmonic distortion, which are then added back to the
power system by controlling to feed a sinusoidal current back to the grid. In addition to
reducing the harmonic distortion, active front end drives allow for more control and for
grid regulation. The inverter can control the motor, and rectifier controls can provide grid
support. AFE-VSDs are becoming the standard solution for large-power medium-voltage
VSDs[37]. While AFE has some benefits to DFE, there are some disadvantages, including
complicated control, potential resonance, and bulky and expensive LCL filter[39].
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Figure 2.2: Diode Front End Motor Drive.

Figure 2.3: Active Front End Motor Drive[37].
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2.3

Wide Bandgap Power Devices and VSDs

Most current commercial power electronics converters use silicon-based power devices.
However, many utility applications need devices, which have properties that exceed the
limits of silicon fundamental material properties. Silicon unipolar devices, such as the
MOSFET, can not be economically scaled to voltages higher than 600 V[40]. In higher
voltage applications, current state- of- the- art bipolar IGBT is used. However, wide bandgap
(WBG) power device, with a high bandgap (Eg ), present opportunities for improved power
electronics performance, such as high blocking voltages, efficiency and reliability. Despite
the apparent benefits in efficiency and reliability, there are still some barriers to integration,
including cost of WBG power devices and electromagnetic interference.
Wide bandgap semiconductors’ electrical characteristics have the potential to improve
efficiency and reliability in power electronic converters.

Table 2.1 shows the electrical

properties of silicon and prominent WBG semiconductors[40]. Fig. 2.4 compares silicon,
silicon carbide, and gallium nitride. Table 2.1 and Fig. 2.4 show that GaN and SiC both
have higher bandgap and electric breakdown field, Ec , which allows for higher breakdown
voltages. SiC has a clearly superior thermal conductivity, λ, which makes it preferable for
high temperature applications. Finally, GaN and and SiC have higher electron velocity, vs ,
which allows for high frequency switching.
The current market projects that GaN will dominate the high frequency market, and
SiC will dominate the market at high voltages. Fig. 2.5 shows the evolution of WBG
power electronics technologies. According to this projection, GaN is expected to dominate
the low- voltage point-of-load (POL) power converters used in battery powered wireless
original equipment manufacturing (OEM) devices, and power supplies requiring blocking
voltages below 900 V[43]. SiC is expected to dominate the medium voltage and high voltage
applications. The integration of SiC power devices for utility applications are projected
to improve performance in higher blocking voltages, increased efficiency, and reliability[42].
Specifically in the case of active front end VSDs, SiC has been shown to improve efficiency
by 1.2% over traditional Si devices[44].
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Figure 2.4: Properties of WBG materials[41].

Figure 2.5: Expected evolution of WBG power electronics technologies[43].
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Table 2.1: Properties of Silicon and dominate WBG semiconductors [42].
Property

Si

6H-SiC

4H-SiC

GaN

Bandgap, Eg (eV)

1.12

3.03

3.26

3.45

Dielectric constant, r

11.9

9.66

10.1

9

Electric breakdown
field, Ec (kV/cm)

300

2500

2200

2000

Electron mobility,
µn (cm2 /Vs)

1500

500

1000

1250

Hole mobility,
µn (cm2 /Vs)

600

101

115

850

Thermal conductivity,
λ (W/cmK)

1.5

4.9

4.9

1.3

Saturated electron
drift velocity,
vs (x107 cm/s)

1

2

2

2.2
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2.4

Motor Drive Modeling

The motor drive can be modeled by an AC to DC converter connected to a DC to AC
converter by a DC link capacitor. Then, the system can be represented by average models of
both power converters and mathematical models of the passive components. The modeling
techniques and control for the motor drive are described in this section.

2.4.1

Passive Component Modeling

Capacitors and inductors are modeled using mathematical equations. The equations used to
describe the voltage and current for capacitors and inductors are shown in (2.7) and (2.8).
1
vC (t) =
C

Z

1
iL (t) =
L

Z

t

iC (t)dt

(2.7)

vL (t)dt

(2.8)

−∞

t

−∞

where vL (t) is the voltage across the inductor and iC (t) is the current through the capacitor.
The discrete forms of the same equations are given in (2.9) and (2.10).
iC (t)
Ts
C

(2.9)

LL (t)
Ts
L

(2.10)

vC [x] = vC [x − 1] +

iL [x] = iL [x − 1] +
where, Ts is the switching period.

2.4.2

Power Electronics Modeling

Power electronic converters can be modeled as average circuit models, which neglect
switching ripple but provide average DC component waveforms. This simplifies circuit
analysis, and allows fast calculation of converter states.
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Figure 2.6: The average model for half-bridge switching circuit.

An average model gives the average response for each cycle that the switch is on, otherwise
referred to as a switch’s duty cycle. With this technique, a half bridge can be modeled by
a duty-cycle dependent voltage source and a duty-cycle dependent current source, shown
in Fig. 2.6. Using the average model, inductor volt-second balance and capacitor charge
balance can be applied to obtain DC inductor current and capacitor voltage. Inductor voltsecond balance and capacitor charge balance dictate that DC inductor voltage and capacitor
current must equal zero within each switching cycle.
For AC to DC converters, the average model is further simplified using the synchronous
direct-quadrature (dq) coordinate system. The dq coordinate system uses a rotating reference
frame to simplify the sinusoidal voltage and current coordinates to dc-like dq coordinates.
The dq coordinates are calculated using the Park and Clarke transformations, which are
represented in the following transformation matrix:


2π
)
3

cos(ωt −
r  cos(ωt)
2
Y =
−sin(ωt) −sin(ωt −
3 q
q
1
2

1
2

2π
)
3

cos(ωt +

2π
)
3

−sin(ωt +
q
1
2




2π 
)
3 

(2.11)

Motor drives have two conversion states, as discussed in Section 1.1.1. The AC to DC
conversion is done using a rectifier. Using the method discussed in Section 2.4.2, an average
model for the rectifier can be developed. Fig. 2.7 shows a rectifier average model in ABC
coordinates, and Fig. 2.8 shows a rectifier average model in dq coordinates, where v is the
moving average of the voltage, and i is the moving average of the current.
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Figure 2.7: Average model of a rectifier in ABC coordinates [45].

Figure 2.8: Average model of a rectifier in DQ coordinates[45].
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Figure 2.9: Average model of a VSI in ABC coordinates[45].

The second conversion state is DC to AC, which is done using a voltage source
inverter(VSI). Using the method discussed in Section 2.4.2, an average model for the VSI
can be developed. Fig. 2.9 shows a VSI average model in ABC coordinates, and Fig. 2.10
shows a VSI average model in dq coordinates.

2.5

Motor Drive Front End Controls

Both conversion states can be used for control because the use of an active front end motor
drive. There are five major controls within this motor drive model: Inner and outer loop
current control, DC link voltage control, grid voltage regulation, and grid frequency support.
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Figure 2.10: Average model of a VSI in DQ coordinates[45].

2.5.1

Current Control

For this emulator there are two current controls. However, a basic PI control technique is
used for both controls, shown in Fig. 2.11[46]. This control is a PI control designed in a dq
frame with decoupled d and q axes. The PI controller design is done with an L approximation
of the LCL filter (Lf = Lf g + Lf c ), where Lf g and Lf c are the grid side filter inductance
and the converter side filer inductance, respectively. The low frequency behavior of the LCL
filter is similar to the L filter, so at low frequencies, the filter can be approximated by the L
components.

2.5.2

DC Link Control

The DC link control isolates the grid voltage from the motor output voltage by controlling
the DC voltage link between the rectifier and inverter, refer to Fig. 2.3. The DC link control
uses a basic PI control shown in Fig. 2.12[47].
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Figure 2.11: Basic PI current control[46].

Figure 2.12: DC voltage link control[47].
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2.6
2.6.1

Motor Drive Back End Controls
Motor Constant V/f Control

In V /f control, the speed of the induction motor is controlled by adjusting the magnitude of
the stator voltages and frequencies. Traditionally, this is used to maintain the air gap flux
value at steady state. Fig. 2.13 shows the simplified circuit of the steady state equivalent
circuit of the induction motor. In this case, the stator resistance (Rs ) is assumed to be zero
and leakage inductance (Ll ) refers to the total leakage inductance, which is the combination
of stator and rotor inductance (Ll = Lls + Llr ). The leakage inductance, Ll , represents the
amount of air gap flux. The magnetizing current that generates the air gap flux can be
approximated by the ratio of the stator voltage and frequency. This ratio is shown in (2.12)
in phasor representation. If the motor is operating in the linear magnetic region, the Lm
is constant. In which case, (2.12) can be rewritten in terms of magnitude, shown in (2.13).
From this equation, it can be concluded that if the ratio V /f is constant for any change of
f , then flux remains constant and the torque becomes independent of the supply frequency.
Because the slip is a function of the motor load, at no-load torque, the slip is very small,
and the speed is nearly the synchronous speed. Therefore, the simple open loop V /f system
cannot precisely control the speed with a presence of load torque. If a slip compesation is
added with a speed measurement, the closed loop V /f system can be shown in Fig. 2.14.
However, in practice, a lower limit on the frequency and a maximum at the rated voltage
can be set, shown in Fig. 2.15. This approach works for fans and blower drives where the
speed response at the low end is not critical[48].
Ṽs
jωLm

(2.12)

Vs
(2πf )Lm

(2.13)

I˜m ∼
=

Im ∼
=

V /f control is used to change voltage at the terminal of the induction motor proportionally to the change of motor reference speed [48], i.e.
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Figure 2.13: Simplified steady state equivalent circuit of induction motor[48].

Figure 2.14: Stator voltage vs. frequency profile under V /f control[48].
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Figure 2.15: Modified V /f profile[48].

Vdinv,ref =

Vnom
∗ fref
fnom

(2.14)

where Vdinv,ref is the output reference voltage for the inverter.
Fig. 2.16 shows the torque-speed characteristics of an induction motor, which can be
derived from the equivalent curcuit of an induction motor. As speed increases, the current
slowly decreases until the torque reaches its maximum point. Then, the current drops quickly
until both the torque and current are at the rated values. When the speed of the motor is
changed, the torque and current of the motor will also be affected. When the speed of the
motor is decreased to 50%, the motor will often transition past the breakdown torque. This
means the relationship between speed and torque, and in turn current, will not be linear.
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Figure 2.16: Torque and speed curves for an induction motor.

2.7
2.7.1

Grid Frequency Support using VSD
Grid frequency support using variable motor speed

Adjustable speed drives are generally controlled using constant V /f control discussed in
2.6.1[49]. Using this method of control, the power from the motor can be reduced by reducing
the motor speed. The inertia response of a line connected motor is emulated using the
frequency response control. However, this control adds the primary frequency control. The
frequency control reference in [49] uses a phase-lock loop (PLL) to measure the grid frequency.
The grid frequency and the initial motor speed are the inputs for the system. The control
scheme is shown in Fig. 2.17. The control includes primary frequency control (2.17a), inertia
emulator (2.17b), and the speed controller 2.17c. fgrid is the PLL measured value for the
grid frequency, Rl refer to the droop gain, ωr,ref is the pre-event motor reference speed, and
C1 and C2 are coefficients based on induction motor parameters[50]. Some common values
for C1 and C2 are shown in Table 2.2.
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(a) Primary controller.

(b) Inertia emulator.

(c) Speed controller.

Figure 2.17: The block diagram of the primary controller (2.17a), inertia emulator (2.17b),
and the speed controller 2.17c[49].

38

Table 2.2: Derived coefficients for induction motors [50].
Motor Type

Ventilation

Small Industrial

Large Industrial

C1

0.86268

0.96761

0.99653

C2

0.10306

0.03777

0.01201

Another method for grid frequency support is inertia emulation using the DC voltage
link in the VSD. This is a method commonly used for wind turbines or multi-terminal
HVDC(MTDC) systems[51]. In this method when used for MTDC, both the electric energy
stored in the DC link capacitors and the energy transferred from the remote grid side to the
main AC transmission grid are used to regulate the grid frequency. This control method is
shown in Fig. 2.18. The Vdc,ref changes according to the deviation of the grid frequency,
which can be expressed in 2.15:

Kc · (fmeas − fnom ) + Vdc,nom = Vdc,ref

(2.15)

where Kc is the proportional control parameter of the VSC, fnom is the initial frequency
reference, fmeas is the real time grid frequency, and Vdc,nom is the initial DC link voltage
reference. The active power contribution of the DC link capacitor after a grid disturbance
can be expressed in 2.16:

∆PV SC (p.u.) =

N CVdc,nom dVdc,ref
N Kc CVdc,nom dfmeas
·
=
·
SV SC
dt
SV SC
dt

(2.16)

where N is the number of the DC link capacitors, SV SC is the rated power of the VSC.
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Figure 2.18: VSC inertia emulation control[51].

2.8

Chapter Summary

Induction motors can be modeled using the AC stator voltage, electrical frequency, and
relationship between T and ωr . The output of this model is three-phase current. VSDs
have two general topologies, active front end and diode front end. This chapter compares
the two topologies and discusses the effect wide bandgap devices have on VSDs. VSDs can
be modeled by average models and passive components can be modeled by their governing
voltage and current equations. There are numerous possible controls of the VSD depending
on topologies used, including DC link voltage, inner and outer current loop, and grid
frequency regulation.
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Chapter 3
Emulator Design
The electrical topology shown in Fig. 3.1 was chosen for the VSD and induction motor
emulator. An active front end VSD was chosen for this application given the flexibility of
control and reduction of line voltage harmonics. Fig. 3.2 shows the control method used
for the implementation of the VSD and induction motor emulator. Each emulator on the
HTB have the same inner current loop for the VSI, which is shown in Fig. 3.3. In this case,
id,ref and iq,ref are the calculated reference values from the active front-end VSD. The final
output of the emulator is the duty cycle reference for the HTB VSI. The DC voltage control
is implemented in the rectifier, and a grid frequency control is implemented in the inverter
of the VSD. The emulation model is simulated in Matlab/Simulink, and the behavior is
verified.

3.1

Induction Motor Model

The induction motor model discussed in Section 2.1 is used for the emulation model. Fig.
3.4 shows the model structure. The calculations begin from the calculated values of the
inverter voltages, Vdq,inv . Using Eq. (2.1)- (2.3) and the mathematical method described in
Eq. (2.4)-(2.6), the reference currents for the motor model can be calculated. The reference
currents are then used as the three phase current reference for the inverter calculations,
Idq,inv . Table 3.1 shows the parameters used for a medium voltage induction motor (per unit
values).
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Figure 3.1: Active front end motor drive topology for emulation.

Figure 3.2: Overview of control method used for the implementation of the VSD and
induction motor emulator.
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Figure 3.3: Inner current loop of HTB VACON.

Table 3.1: Values for designed motor emulation.
Variable

Emulation Value (p.u.)

Xlr

0.0916

Xls

0.061

Xm

2.11

Xrr

2.2

Xss

2.1696

rr

0.0076

rs

0.0104
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3.2

VSD Model

The VSD design is based on an active front-end VSD, shown in Fig. 3.1. Table 3.2 shows
the base values for the VSD emulator. These values were based on a commercial medium
voltage motor and the corresponding values for a VSD rated for a motor of that size.

3.2.1

VSI Average Model

The back end of a VSD is connected to the induction motor load and can be modeled by a
VSI. The average model for a VSI is shown in Fig. 2.9.
If sn is defined as boolean and sn = 1 indicates the high-side switch for phase n is ON,
−
the phase currents and voltages can be related to vdc and idc . Using sn , →
vv can be reduced
to:
→
−
→−→
−
vv = vdc −
sabc
vn

Figure 3.4: Induction motor load model structure.
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(3.1)

Table 3.2: Base values for VSD emulation.

where

Variable

Emulation Value

Vdc,ref

9 kV

Pbase

3 MW

VLL,base

4.16 kV

Cdc

6.4 mF

fsw

5 kHz



1 1 1

vdc 

 →
→
−
vn =
sabc
1 1 1 −
3 

1 1 1

(3.2)

which combines into:



−1 −1
−−−→

di(abc)
vdc 

 −−→
−
−
→
v(abc) =
−1 2 −1 s(abc) − Lf
3 
dt

−1 −1 2
2

(3.3)

Thus, the switching model can be defined as:






2 −1 −1

−−−→




di(abc)
v



dc
−
−
→
−
−
→
 v(abc) =
−1 2 −1 s(abc) − Lf
3 
dt



−1
−1
2




−→

−→T · −
idc2 = −
s(abc)
i(abc)
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(3.4)

(3.5)

−→ is the switching duty cycle, meaning the average model equations
The average of −
s(abc)
can be expressed by:






2 −1 −1

−−−→

 −−→


di(abc)
v


dc

−
→
−
v(abc) =
−1 2 −1 d(abc) − Lf
3 
dt



−1 −1 2




−−→ −−→

idc2 = d(abc) T · i(abc)

(3.6)

(3.7)

The average model for the VSI is shown in Fig. 2.9 in abc coordinates and Fig. 2.10 in
dq coordinates.

3.2.2

HTB connected Rectifier Average Model

The rectifier is used for the front-end of the VSD emulation. HTB load emulators are used
as current sources in the system. The physical rectifier on the system is included in the
emulators, so the references for the modeled rectifier can be fed directly to the physical
rectifier. Then, the rectifier is controlled as if it were the motor drive itself, shown in Fig.
3.5.
To begin the derivation of the average model, you must first derive the inductor voltage
equations.
−−−→
di(abc) −−−→ −−−→
Lf
= vf (abc) − vt(abc)
dt

(3.8)

Then, the equations in Section 3.2.1 can be used to derive the average model for the
rectifier. The circuit diagram of the abc average model is shown in Fig. 2.7, and the average
model in dq coordinates is shown in Fig. 2.8. Fig. 3.7 shows the average model of the entire
VSD in dq coordinates, including the rectifier and VSI. With the average model shown in
Fig. 2.8, vf d and vf q are calculated using the line voltage, the inductor voltage, and the
cross-coupling term, shown below in (3.9) and (3.10)

vf d [x] = vtd [x] + Lf

(id [x − 1] − id [x − 2])
− ωLf iq [x − 1]
Ts
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(3.9)

Figure 3.5: Integration of VSD and Induction Motor Emulator and HTB converter.
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Figure 3.6: DC voltage link control[47].

vf q [x] = vtq [x] + Lf

(iq [x − 1] − iq [x − 2])
− ωLf id [x − 1]
Ts

(3.10)

This voltage can then be used to calculate the DC current idc2 with the assumption that
the power entering the rectifier equals the power leaving it (before the L filter)[52]. Thus,
idc2 can be found using the following equations:

Pf [x] = 1.5 ∗ (vf d [x − 1]id [x − 1] − vf q [x − 1]iq [x − 1])

idc2 [x] =

3.3

Pf [x]
vdc [x − 1]

(3.11)

(3.12)

DC Link Control

For an active front end VSD, the DC voltage control is done in the rectifier. The DC link
voltage control isolates the grid voltage from the motor output voltage. This emulator uses
a basic PI control, shown in Fig. 3.6. The PI parameters for the DC link voltage control
were designed using Matlab/Simulink. The average model, shown in Fig. 3.7, was used to
simulate VSD.
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3.4

Motor Constant V/f Control

V /f control is used to change voltage at the terminal of the induction motor proportionally
to the change of motor reference speed [48], i.e.

Vdinv,ref =

Vnom
∗ fref
fnom

(3.13)

where Vdinv,ref is the output reference voltage for the inverter and fref is the desired frequency
of the motor.
The value of Vnom and fnom are set to 1 pu, because all emulator controls are done in per
unit values. Therefore, in the per unit system the control is simplified to:

Vdinv,ref = fref

3.5

(3.14)

Grid Frequency Regulation

The grid frequency is measured and compared to the nominal value, which in a per unit
system is 1 pu. For this emulator, a detection of a frequency event triggers a different
response if used in a microgrid versus the WECC system.

3.5.1

Grid Frequency Regulation for a Microgrid System

Frequency regulation for a microgrid system uses a PI control to determine the value of
fref , shown in Fig. 3.8. The motor frequency reference is limited to 50 % to 1.03 % of the
nominal operating speed, which was chosen to limit the effect of the load. The response is
triggered when the measured error of the grid frequency goes outside the dead-band of ±60
mHz. This deadband prevents the frequency regulation from triggering for smaller frequency
events. The grid frequency regulation can run for a maximum of 30 seconds, after which
the speed ramps back to the nominal value at a rate of 5 %/second. Generally, primary
frequency control begins to ramp down after 30s, and secondary control takes precedence.
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Figure 3.7: Average model of VSD in dq coordinates[45].

50

Figure 3.8: Frequency regulation control for microgrid.

3.5.2

Grid Frequency Regulation for an Aggregate Western Electricity Coordinating Council System

The frequency regulation for the WECC system simply reduces or increases the load based
on the value of the grid frequency error. Similar to the microgrid case, the motor frequency
referenced is limited to 50 % to 1.03 % of the nominal operating speed, and response is
triggered when the measured error of the grid frequency goes outside the dead-band of ±60
mHz. The grid frequency regulation can run for a maximum of 30 seconds, after which the
speed ramps back to the nominal value at a rate of 3 %/second. Fig. 3.9 shows the response
for the case when grid frequency goes below the dead-band limits.

3.6
3.6.1

Simulation
Emulation Model Verification

Matlab/Simulink is used to verify the AF-VSD model and induction motor. The simulation
is set up like Fig. 3.1 with a voltage source connected to the AF-VSD. The reference motor
frequency for the V /f control is changed using the ramp function discussed in Section 3.5.2.
Fig. 3.10-3.12 compares the motor reference frequency for V /f control, power absorbed by
the VSD, and actual motor rotational speed with varying inertia constants of H = 0.1,
H = 0.6, and H = 0.8, respectively. Since the induction motor model and VSD are based on
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Figure 3.9: Frequency regulation control for WECC.

previously implemented emulators, the main purpose of verification is to observe the response
of the load power when the frequency regulation control is implemented. Fig. 3.10 shows
that with a low inertia constant, H, the power absorbed by the the VSD is proportional to
the motor speed. However, when H = 0.8, which is shown in Fig. 3.12 shows a variance in
the power from the interaction of the inertia.

3.7

Chapter Summary

The emulated VSD includes an induction motor model and active front end VSD. The
power electronics are modeled using average models, and all passive components are modeled
using their relevant voltage and current equations. The controls include DC link voltage,
inner and outer current loop, and grid frequency regulation. The model was verified using
Matlab/Simulink.
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Figure 3.10: Simulink verification of VSD model when H=0.1.
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Figure 3.11: Simulink verification of VSD model when H=0.6.
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Figure 3.12: Simulink verification of VSD model when H=0.8.
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Chapter 4
Experimental Results and Discussion
The system outlined in Chapter 3 is emulated with a two bus system on both the microgrid
and WECC platforms on the HTB. The system responses are verified by simulation system
in PSCAD/EMTDC.

4.1

HTB Experimental Set Up

To verify the behavior of the VSD and the frequency regulation, it was tested in a single
area cabinet with the configuration shown in Fig. 4.1. A photo of the physical hardware is
shown in Fig. 4.2. This set up is used to test both the WECC and microgrid system. The
following sections explain additional system parameters.

4.2
4.2.1

Microgrid System
HTB Model Verification

In order to verify the HTB model and the PSCAD/EMTDC model, the model was
implemented on both platforms with the same parameters. Table 3.1 shows the parameters
for the induction motor, and Table 3.2 shows the parameters for the VSD. For this case, the
model has a low inertia constant, H = 0.1, because it allows the dynamics of the V /f control
to be easily observed at the output power, which helps troubleshooting on the HTB platform.
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Figure 4.1: Emulated system for VSD model verification.
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Figure 4.2: Experimental setup for HTB platform testing.
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Table 4.1: Microgrid System and HTB Power and Voltage Bases
Base

Microgrid

HTB

Power

0.1 MVA

1 kVA

Voltage

0.574 kV

81.65 V

When the model is implemented on the HTB platform, all models must be converted to the
HTB bases before being sent to the inner current loop control of the HTB’s VSIs. Table 4.1
shows the default power system scale for the microgrid system and the HTB’s power and
voltage bases.
Fig. 4.3 shows the grid frequency response for the model on the HTB platform and in
PSCAD/EMTDC. This is implemented in the two bus system shown in Fig. 4.1. Varying ZIP
loads are applied to the load bus. The VSD is absorbing 0.1 p.u. A ZIP load is added that
absorbs 0.1 p.u., 0.05 p.u., and 0.04 p.u. The frequency control on the HTB model uses the
local frequency determined by the PLL measurement at the point of the load. However, in the
model in PSCAD/EMTDC, the frequency control uses the nearest generator frequency. This
explains the dynamic discrepancies between the two responses. Additionally, the response
for the HTB shown in Fig. 4.3 is the moving average of the waveform. This helps visualize
the response without the measurement noise. There is additional oscillation in the steady
state response of the 50% and 40 % ZIP load increase because the HTB platform has greater
stability at higher powers.

4.2.2

Microgrid System Results

The microgrid system is shown in Fig. 4.4. There is one synchronous generator at Bus 8,
and one VSD located at Buses 2, 5, and 8. The remaining loads are represented as ZIP
loads. The frequency control in the VSD uses the frequency from the generator. Given the
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Figure 4.3: VSD model response for a microgrid on HTB platform and in PSCAD.
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Figure 4.4: One-line diagram of the microgrid system.

size of the microgrid, the generator frequency can be an approximation of the frequency at
each bus. The frequency control implemented is the control shown in Fig. 3.8. The inertia
constant for the induction motor is H = 1, which is the commonly accepted value for motors
with a rating greater than 200 hp.
Fig. 4.5 shows the frequency response for varying penetration of VSDs on the microgrid.
For the no VSD case, the motor load at Buses 5, 8, and 11 are directly connected to the
grid without an VSD interface. For the 1 VSD case, the motor load at Bus 8 has an VSD
connected induction motor. For 2 VSDs, Buses 8 and 11 have an VSD-connected induction
motor. Finally, the 3 VSD case has an VSD interface at each motor load at Buses 5, 8, and
11. In order to cause a frequency event, a 0.1 p.u. load increase in added at Bus 6 at 10
seconds. The load recovers to its original value at 30 seconds. Automatic generation control
is active in the generator. This control responds 4 seconds after the event. This explains
the asymmetry between the initial load event at 10 seconds and the recovery at 30 seconds.
After the automatic generation control begins to respond, the loads and the generator are
both providing frequency support. However, during the first 4 seconds of the event, before
the automatic generation control responds, the load is solely providing the compensation for
the frequency fluctuation.
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Figure 4.5: Frequency during 0.1 p.u. load increase for varying penetration of VSD.

Fig. 4.6 shows the induction motor stator voltage, current, and VSD power when all
three VSDs are on the grid and are actively compensating frequency. When the ZIP load
increases at Bus 6 at 10 seconds, the frequency drops. When the frequency reaches the lower
deadband, 59.94 Hz, the VSD frequency regulation is activated. The frequency regulation
decreases the induction motor stator voltage. This causes an immediate decrease in the
current because of the motor inertia. As the voltage continues to decrease, the inertia causes
the motor current to increase. When the load recovers to its original value at 30 seconds,
the voltage gradually increases to its original value.
Figs. 4.7 and 4.8 show the response when there is a 0.1 p.u. load increase at Bus 6, and
there is only one VSD on the grid, at Bus 8. The top figure in Fig. 4.7 shows the frequency
response of the grid when the VSD is actively compensating the frequency versus when there
is no frequency regulation active at the VSD, and the bottom figure shows the voltage at
the induction motor stator voltage and the power of the VSD. Figs. 4.9 and 4.10 show the
response when there is a 0.1 p.u. load increase at Bus 6, and there are only two VSDs on
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Figure 4.6: VSD power and induction motor stator voltage and current during 0.1 p.u.
ZIP load increase.
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Figure 4.7: The top figure shows the frequency during 0.1 p.u. load increase with 1 VSD
on system comparing frequency regulation and without frequency regulation. The bottom
figure shows induction motor stator voltage and VSD power.

the grid, at Bus 8 and 11. Fig. 4.11 and 4.12 show the response when there is a 0.1 p.u.
load increase at Bus 6, and all three VSDs are on the grid, at Buses 5, 8 and 11.
Figs. 4.8, 4.10, and 4.12 show the generator frequency and the induction motor stator
voltage for a 0.1 p.u. ZIP increase for 1 VSD, 2 VSD, and 3 VSD respectively. These figures
show the frequency regulation is activated at the bottom of the frequency deadband, at
59.94 Hz in each case. Comparing the three cases, shown in Figs. 4.7, 4.9, and 4.11, less
compensation is required from each VSD, when all three VSDs are actively compensating
the frequency. There is only a 10 % drop of the induction motor stator voltage, which
cooresponds to a 10 % drop in motor speed. However, even with the case of one VSD on the
grid, the induction motor stator voltage is only decreased to 70% of the nominal value.
Fig. 4.13 shows the dynamics of the frequency within the first second after the event,
which varies for each different case. This can be explained by the oscillation in the frequency

64

Figure 4.8: Grid frequency and induction motor stator voltage during 0.1 p.u. load increase
with 1 VSD on system.

Figure 4.9: The top figure shows the frequency during 0.1 p.u. load increase with 2 VSD
on system comparing frequency regulation and without frequency regulation. The bottom
figure shows the induction motor stator voltage and VSD power.
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Figure 4.10: Grid frequency and induction motor stator voltage during 0.1 p.u. load
increase with 2 VSD on system.

Figure 4.11: The top figure shows the frequency during 0.1 p.u. load increase with 3 VSD
on system comparing frequency regulation and without frequency regulation. The bottom
figure shows the induction motor stator voltage and VSD power.
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Figure 4.12: Grid frequency and induction motor stator voltage during 0.1 p.u. load
increase with 3 VSD on system.

regulation control, which can be seen in Figs. 4.8, 4.10, and 4.12. The oscillation in the
stator voltage causes an oscillation in the frequency response of the grid. This could be
mitigated with a more finely tuned PI control in the frequency regulation.

4.3
4.3.1

WECC System
HTB Model Verification

In addition to the model verification done in Matlab/Simulink, the VSD model was verified
by comparing the results on the HTB platform and PSCAD/EMTDC for a two bus system.
Fig. 4.14 and Fig. 4.15 compare the results for a ZIP load increase that is equivalent to
50% and 60% of the VSD load at nominal speed. The inertia constant, H, for these tests
are low, i.e. H = 0.1. Similar to the microgrid system, the low inertia allows the dynamics
of the V /f control to be observed in the VSD power output.
The VSD absorbs 0.1 p.u. A ZIP load is added that absorbs 0.06 p.u. and 0.05 p.u.,
shown in Fig. 4.14 and 4.15. For the frequency on the HTB platform, the frequency is
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Figure 4.13: Frequency during first second after 0.1 p.u.
penetration of VSD.

load increase for varying

measured through a PLL at the point of the load. This frequency is used for the control of
the VSD frequency response. However, in PSCAD/EMTDC, the frequency used for VSD
control is measured at the generator frequency, which is a better representation of the system
frequency. However, on the HTB, since each emulation is run on different converters, it is
more practical to use the measurements at each converter. This explains the discrepancies
between the results from the two platforms. The generator inertia causes overshoot of the
minimum frequency in the PSCAD/EMTDC simulation. In both cases, the grid frequency
changes at a similar rate and reaches steady state at similar values. When the 0.05 p.u. ZIP
load is added, the frequency returns to 60 Hz. However, because the motor is limited to only
decreases to 50 % of the nominal speed, when the 0.06 p.u. ZIP load is added, the frequency
only returns to 59.95 Hz. The VSD is only capable of compensating for 0.05 p.u. out of the
0.06 p.u. loss on the system.
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Figure 4.14: VSD model response on HTB platform and in PSCAD with 50% ZIP load
increase.
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Figure 4.15: VSD model response on HTB platform and in PSCAD with 60% ZIP load
increase.
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Table 4.2: WECC System and HTB Power and Voltage Bases
Base

4.3.2

WECC

HTB

Power

10 GVA

2 kW

Voltage

500 kV

43.8 kV

WECC System Results

The aggregate WECC system is shown in Fig. 4.16. All the generators are represented
by synchronous generators, and there is an VSD at Bus 8,10, and 11. The remaining
loads are represented as ZIP loads. The default power system scale for the WECC system
and the HTB’s power and voltage bases are displayed in Table 4.2.

The simulations

in PSCAD/EMTDC are done in the WECC power and voltage bases. However, when
implemented on the HTB platform, all models must be converted to the HTB bases before
being sent to the inner current loop control of the HTB’s VSIs.
In this case, high power motor systems represent roughly 10% of the total load. According
to the United States Industrial Electric Motor Systems Market Opportunities Assessment
preformed in 2002, industrial motor systems above 200 hp make up 44.6 % of the total
industrial motor energy consumption. According to this same report, industrial motor
systems make up 25 % of the total energy consumption in the United States [4]. Therefore,
it can be estimated that industrial motors above 200 hp make up roughly 11 %, so a 10%
penetration is a good representation of the large motors driving a fan, pump, or compressor
on the system. There are three aggregate VSD models on the system. For simplification, it
is assumed that one model with a larger power consumption can represent multiple smaller
systems. Due to the fact that frequency is fairly global for a localized part of the grid, then
the frequency control can be accurately represented by one system.
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Figure 4.16: One-line diagram of the aggregate WECC system.

Various test cases were simulated in PSCAD/EMTDC. Based on the results shown above,
the HTB system response can fairly accurately be estimated through PSCAD/EMTDC. In
order to test the response of VSD connected medium voltage induction motors, the value
of the inertia constant, H, was set to 1 for these test cases. This is the commonly accepted
value for large induction motors above 200 hp. Automatic generation control (AGC) for
frequency is also active in generator 4 and generator 6. AGC activates 4 seconds after the
initial frequency event and remains active for the rest of the test case.
Fig. 4.17 shows the induction motor stator voltage, induction motor current, and the
total power from the VSD. This figure shows that when the stator voltage begins to decrease,
the motor current initially decreases, but then increases while the voltage continues to ramp
down. However, when the stator voltage stops ramping, the motor current also stabilizes at
a constant value. When the ZIP load recovers to its original value at 35 seconds, the stator
voltage begins to ramp back to the orginal value. When the stator voltage begins to ramp
up, the motor current initially increases, but then decreases until the stator voltage reaches
its nominal value.
The frequency response is initiated by adding a ZIP step load that is equal to 10% of the
amount of generation at the time of the event. Three cases were tested: a 470 MW ZIP load
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Figure 4.17: VSD power and induction motor stator voltage and current for grid frequency
regulation on the WECC system.
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Figure 4.18: Frequency of generators 1, 4, 6, and 7 during 470 MW ZIP load increase at
Bus 1 comparing with frequency regulation and without frequency regulation.

74

Figure 4.19: Load at Buses 4 and 10 during 470 MW ZIP load increase at Bus 1.

increase at Bus 1, a 485 MW ZIP load increase at Bus 4, and a 477 MW ZIP load increase
at Bus 7. Fig. 4.18 shows the frequency at Buses 1, 4, 6, and 7 when the 470 MW ZIP load
is added to Bus 1, because these are the buses with generators closest to the load event and
the 3 VSDs on the grid. Fig. 4.19 shows the power absorbed by the VSDs at Buses 1 and
10. The frequency at Buses 8 and 11 never went out of the dead-band. Fig. 4.20 shows the
frequency when the 485 MW ZIP load is added to Bus 4. Fig. 4.21 is the power absorbed
by the VSDs and the ZIP load at Bus 4. Fig. 4.22 shows the frequency when the 477 MW
ZIP load is added to Bus 7. Fig. 4.23 is the power absorbed by the VSDs and the ZIP load
at Bus 7.
Fig. 4.24 shows all of the generator frequencies, when there is a ZIP increase at Bus
6 and there is no frequency compensation from the VSDs. The frequency begins to drop
quicker at generators closer to the load increase. Generator 6 decreases first, followed by
Generators 5 and 7. Therefore, when the VSD is close to the load increase, the VSD is able
to respond to the event quicker. This reduces the effect throughout the rest of the system.
However, when the load increase happens in a location that has no VSDs in a close vicinity,
there is minimal effect on the minimum frequency. The frequency does still return to the
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Figure 4.20: Frequency of generators 4, 6, and 7 during 485 MW ZIP load increase at Bus
4 comparing with frequency regulation and without frequency regulation.
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Figure 4.21: Load at Buses 4 and 10 during 485 MW ZIP load increase at Bus 4.

nominal value of 60 Hz quicker than without any frequency compensation from the VSDs,
as seen in Fig. 4.18.
When there is a ZIP load increase near a bus with an VSD, the frequency response
throughout the system is improved. Fig. 4.22 shows that the minimum frequency during the
event is reduced at Bus 4 and Bus 6, and the frequency returns to the nominal value of 60
Hz quicker. Fig. 4.20 shows a similar response, where the ZIP load increase happens at Bus
4. The minimum frequency during the event is reduced for Buses 6 and 7. Table 4.3 shows
the nadir frequencies after the load increase for all the generators on the system. There are
two cases shown in the table– a load increase at Bus 4 and a load increase at Bus 7. You can
see from this data that the improvement in the nadir frequency is the greatest the furthest
from the event. The nadir frequency at the bus the event occured only improved by around
20 % for both cases. However, at the buses furthest from the event, the nadir frequency was
improved by around 70 %.
For each of the cases, with the load increase at Buses 1, 4, and 7, there was only one
VSD that was actively compensating the frequency. That compensation from the one VSD
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Figure 4.22: Frequency of generators 4, 6, and 7 during 530 MW ZIP load increase at Bus
7 comparing with frequency regulation and without frequency regulation.
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Figure 4.23: Load at Buses 7 and 8 during 530 MW ZIP load increase at Bus 7.

Figure 4.24: Frequency of all generators on WECC system during 530 MW ZIP load
increase at Bus 6.
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Table 4.3: Nadir frequency for generators during frequency event on WECC system with
and without VSD frequency compensation.
Generator

Compensated

Uncompensated

Percent Improvement

Load increase at Bus 4

Generator 1

59.98 Hz

59.92 Hz

71.00%

Generator 2

59.98 Hz

59.93 Hz

67.98%

Generator 3

59.97 Hz

59.93 Hz

47.14 %

Generator 4

59.90 Hz

59.88 Hz

19.11 %

Generator 5

59.97 Hz

59.91 Hz

65.23 %

Generator 6

59.97 Hz

59.91 Hz

63.53 %

Generator 7

59.97 Hz

59.93 Hz

50.89 %

Load increase at Bus 7

Generator 1

59.98 Hz

59.93 Hz

72.05 %

Generator 2

59.98 Hz

59.94 Hz

73.92 %

Generator 3

59.97 Hz

59.91 Hz

61.91 %

Generator 4

59.96 Hz

59.93 Hz

44.61 %

Generator 5

59.94 Hz

59.92 Hz

33.50 %

Generator 6

59.94 Hz

59.91 Hz

31.73 %

Generator 7

59.89 Hz

59.85 Hz

23.32 %
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prevented the other two VSDs’ frequency from dropping below the deadband. A single VSD
can provide some benefit to the wide area grid if a load increase or loss in generation happens
in close proximity to the VSD. However, with a higher penetration of VSDs with frequency
regulation, the greater the system benefit will be because more frequency events can be
mitigated more quickly.
Using high inertia loads to participate in frequency regulation has its pros and cons.
The high inertia can help with the initial frequency drop, counteracting the load imbalance.
However, if the ramping of the motor speed stops before the load recovers, the inertia causes
more variability in the system. This can be seen in Fig. 4.17. The VSD power has a step
of about 0.05 p.u. at 25 seconds, when the induction motor stator voltage stops ramping
and steadies out. However, the frequency response from this step is still less than the initial
drop when the ZIP load is added. Therefore, even in the worst case, such as in Fig. 4.18,
the VSD can help the initial drop, but adds additional variation 10 seconds later.

4.4

Chapter Summary

An active front end topology is used for the simulation and emulation of the system. Controls
are implemented in the VSD, including DC link voltage, inner and outer current loop,
and grid frequency regulation. Two different control techniques were used for the grid
frequency regulation– one on the WECC system and one on a microgrid system. The different
techniques were developed based on the frequency characteristics on both systems.
The model and system were verified by comparing results on the HTB platform and
on the PSCAD/EMTDC simulation platform. The system level effects were simulated in
PSCAD/EMTDC. Both the microgrid and the WECC system were simulated with and
without the corresponding frequency regulation scheme.

81

Chapter 5
Summary and Conclusions
Induction motors make up a significant portion of the load on the power grid.

The

implementation of variable speed drives on induction motors brings, not only, efficiency
savings for the customers, but also possible benefits to the utility companies, through
demand response and ancillary services. VSDs are uniquely equipped to participate in the
regulation market because of their ability to control the motor load. The motor speed can
be changed variably, unlike most loads, which are either on or off. This project uses the
HTB platform and PSCAD/EMTDC to develop, test, and utilize VSD connected industrial
induction motors.
The development of new power devices with wide band gaps, such as SiC and GaN
devices, have contributed to active front end VSDs have growth in popularity. For this
reason, an active front end topology is used for the simulation and emulation of the system.
Controls are implemented in the VSD, including DC link voltage, inner and outer current
loop, and grid frequency regulation. Two different control techniques were used for the
grid frequency regulation– one on the WECC system and one on a microgrid system. The
different techniques were developed based on the frequency characteristics of both systems.
An active front end topology is used for the simulation and emulation of the system.
Controls are implemented in the VSD, including DC link voltage, inner and outer current
loop, and grid frequency regulation. Two different control techniques were used for the
grid frequency regulation– one on the WECC system and one on a microgrid system. The
different techniques were developed based on the frequency characteristics on both systems.
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The model and system were verified by comparing results on the HTB platform and
on the PSCAD/EMTDC simulation platform. The system level effects were simulated in
PSCAD/EMTDC. Both the microgrid and the WECC system were simulated with and
without the corresponding frequency regulation scheme.
The VSDs with frequency regulation bring major benefits to the microgrid system even
with only one VSD. However, with more VSDs on the system, they can share the load,
making the effect on each VSD minimal. To ride through a 0.1 p.u. load increase, each VSD
only reduced the motor speed by 10 % for 30 seconds. This is not a long-term solution for
grid unbalances, but it could help ride through temporary unbalances and prevent additional
load shedding.
The WECC system had the greatest benefit with high penetration of VSDs on the grid.
The ability to prevent the spread of the frequency event could have major benefits on the
wide area grid. However, this requires large motors throughout the system to be equipped
with VSDs and frequency regulation control.
Using high inertia loads to participate in frequency regulation has pros and cons. The high
inertia can help with the initial frequency drop, counteracting the load imbalance; however,
if the ramping of the motor speed stops before the load recovers, the inertia causes more
variability in the system. While in the microgrid system, since a PI control is implemented,
the VSD’s frequency control can account for that initial decrease in power, the WECC system
VSD’s frequency control does not have that level of sensitivity.
The effects of this type of control on the motor and the VSDs are not discussed in this
work. However, this could be a potential avenue for future work. For example, when there
was only one VSD on the microgrid, the VSD load drops below zero, which means the load is
actually supplying power to the grid momentarily. What effect does this have on the lifetime
of the motor? Additionally, does a VSD that implements this control need to have different
design parameters? Should the devices or passive components have higher ratings to account
for this inrush current? How do these values compare with commonly used values in VSDs
currently used?
Additionally, assumptions were made regarding the aggregation of VSDs with frequency
regulation. Future work should also include the evaluation of this type of controls at lower
83

grid levels, for example: the distribution system. The accuracy of this type of aggregation
should also be investigated.
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